Abstract: A nanoplasmonic loop-stub structure is proposed. Its fundamental properties are studied and compared with those of single-stub and double-stub structures of similar structural parameters. The results show that loop-stub structure has two sets of resonances. One set is similar to the resonances of single-stub and double-stub structures; these resonances are tunable by varying the widths of vertical branches. In contrast, other sets of resonances, which are unique to this structure, can be independently controlled by varying the width of the horizontal branch. The advantage of the loop-stub design over conventional stubs is that it can support traveling-wave-like modes in addition of the standing-wave modes. This feature offers a potential to realize directional add/drop filters for either forward or backward dropping. Moreover, it can provide efficient coupling between waveguides of different widths.
Introduction
In recent years, optical waveguides based on surface plasmons have attracted many researchers. The unique property of these waveguides is to give an opportunity to work below diffraction limit, which is not achievable with conventional dielectric waveguides [1] - [3] . Among plasmonic guiding structures, metal-insulator-metal (MIM) waveguides have attracted much interest due to their strong optical confinement and simplicity in fabrication. Y-shaped combiners [4] , Mach-Zehnder interferometers [2] , and waveguide couplers [5] are examples that have been theoretically investigated and experimentally implemented. Moreover, wavelength-selective structures based on this configuration, such as nanocapillary resonators [6] , side-coupled Fabry-Perot cavities [7] - [9] , absorption switches [10] , nanoslots [11] - [14] , ring resonators [15] - [17] , and complementary split ring resonators [18] have been studied.
One type of plasmonic filters, first reported by [19] , consists of single or multiple nanometer-size rectangular stubs perpendicular to the waveguide axis. The advantage of these filters is that they can successfully overcome the drawback of the MIM Bragg reflectors, which have high insertion loss due to their lengths of several micrometers [20] . In this regard, various components based on the stub structure, such as band-stop/bandpass filters [21] - [24] , reflectors [25] , and switches [26] , have been investigated. Also, the properties of stub structures were analyzed based on transmission-line method [27] - [30] and coupled mode theory [31] .
In this paper, we propose a new filtering design based on the stub structures, which can be efficiently utilized as a compact coupler or add/drop filter besides exhibiting filtering characteristics similar to the stub structures. In this design, two stubs positioned near each other are connected through a horizontal branch parallel to the bus waveguide. Since adding the horizontal branch creates a loop shape in the structure, it is named as a Bloop-stub.[ We have used finite-difference time domain (FDTD) method for numerical simulations of the structures. In Section 2, following this introduction, the physics behind the characteristics of the loop-stub structure are explained and compared with those of the single-stub and double-stub structures. Moreover, an equivalent circuit model based on the transmission-line theory [5] , [18] , [27] - [29] is proposed to drive resonance wavelengths of the LS structure. The effects of the structural parameters of the proposed filter on its low-order modes are studied in Section 3. A directional add/drop structure based on the loop-stub filter is also proposed. Finally, Section 4 concludes the paper.
For the sake of simplicity, the abbreviations of LS, DS, and SS are used for loop-stub, doublestub, and single-stub structures, respectively. Moreover, their longitudinal modes are designated LS q , DS q , and SS q , where Bq[ is the mode index. Since Bq[ can be either odd or even, there are odd-index or even-index modes. We also refer to them as odd or even modes for the simplicity.
Analysis and Modeling
The general schematic of the LS filter is shown in Fig. 1(a) . Its structural parameters are chosen to be d (the length of the LS), g v (the widths of the vertical branches), g h (the width of the horizontal branch), t (the separation between vertical branches), and L eff (the effective length of the LS). In this paper, the width of the MIM waveguides are chosen to be much smaller than the incident wavelength; hence, only a single propagation mode TM 0 exists in the structure. The complex propagation constant of this waveguide mode can be obtained from solving its eigenvalue equation [33] . In our analysis, the air is chosen as the dielectric of the waveguide, and the metallic structures are chosen to be made of silver. The dispersion characteristic of silver is modeled using the Drude model [34] . Note that structures studied in this paper are 2-D; hence, scattering and radiation of the SPPs out of the device are not taken to account.
LS Structure Versus SS and DS Structures
The transmission spectra of the SS, DS (special case of the LS when g h ¼ 0), and LS structures are calculated and shown in the Fig. 2(a) . For meaningful comparison, the outer dimensions of the LS and DS structures are chosen to be the same, and the stub width of the SS structure is also equal to the widths of the vertical branches in both DS and LS structures. The structural parameters of the LS and DS structures are set as t ¼ 40 nm, d ¼ 200 nm, and g v ¼ 20 nm. Also, the length and the width of the SS structure are 200 nm and 20 nm, respectively. The width of the bus waveguide is chosen to be w ¼ 100 nm.
In the transmission response of the DS structure, a double-dip feature is found with two drop wavelengths on the two sides of each corresponding drop wavelength of the SS structure [see Fig. 2(a) ]. This resonance splitting is due to the direct coupling between the two vertical branches. By moving the two branches toward each other, the direct coupling between them increases, and consequently, the wavelength separation between these two dips increases. As a result, two supermodes can be distinguished in the transmission response of the DS structure. These supermodes have symmetric and asymmetric field patterns with respect to the symmetry plane of the DS structure, which we designate as DS 1s and DS 1a modes, respectively (the indices Bs[ and Ba[ stand for symmetric and asymmetric field distributions). Thus, the bandwidth of the wideband zero-transmission drop for the DS structure is much larger than that for the SS structure due to the overlap of the bands of the double dips corresponding to DS 1a and DS 1s modes.
In contrast, the LS structure has only one drop near each drop wavelength of the SS structure, which is due to the fact that LS is a single resonator, while DS is composed of two resonators coupled to each other. Moreover, the transmission spectrum of the LS shows extra drops, which are not found in the transmission response of the SS or DS structure. To explain this, we should note that LS is a resonator with two open ends and can support both odd and even multiples of g =2; on the other side, the SS and DS structures can only support odd multiples of g =2 because they are resonators with one open end and one close end [35] . Fig. 2(b) shows the variation of drop wavelengths of the LS and DS structures versus t . The widths of the branches are the same and equal to 20 nm. As shown in Fig. 2(b) , by increasing t , the effect of the direct coupling between branches reduces, and the resonance wavelengths of the DS qa and DS qs modes approach each other and the corresponding resonance wavelength of the SS structure. However, due to the indirect coupling [36] between the branches, the asymmetric and symmetric modes of the DS structure do not completely coincide with the corresponding modes of the SS structure. By comparing the variations of the resonance wavelengths of the LS and DS structures versus the separation between the branches, it is seen that, for small values of t (G 50 nm), the characteristic of the odd and even LS modes are similar to those of the symmetric and asymmetric supermodes of the DS structure, respectively. However, for larger values of t , the resonance wavelengths of all LS modes increase with increasing t due to the increase in the effective length of the LS structure.
For better understanding of the mode characteristics, magnetic-field patterns of a few low-order modes of the LS, DS, and SS structures are plotted in Fig. 2(c) . These modes are longitudinal modes of the structures, which function as resonators in the longitudinal direction. As shown in Fig. 2(c) , two distinct types of distributions can be observed in the modal field patterns of the LS structure, i.e., odd LS modes ðLS 2k À1 ; k ¼ 1; 2; . . .Þ, such as LS 1 and LS 3 , and even LS modes ðLS 2k ; k ¼ 1; 2; . . .Þ, such as LS 2 and LS 4 . By comparing the field patterns of the LS modes with those of the DS and SS modes, it can be seen that the field profiles of the symmetric and asymmetric supermodes of the DS structure are similar to the odd and even LS modes, respectively. These mode pattern similarities are in the accordance with the results in Fig. 2(a) and (b).
Theoretical Circuit Modeling
According to the above discussion, resonance behavior of the LS structure can be described by the simple circuit model based on the transmission-line theory. The transmission-line resonator model of the LS structure is schematically shown in Fig. 1(b) . Employing the analogy between MDM waveguides and microwave transmission lines [5] , [18] , [27] - [29] , the LS structure can be modeled as a transmission-line resonator, the ends of which are loaded by the bus waveguide (Z load ¼ Z buswaveguide [5] ). Also, we have Z R ¼ Z L ¼ Z due to the symmetry of a resonator model. Note that, for the LS 2 mode, the electric fields can constructively penetrate to the bus waveguide; hence, the effective length of the resonator for this mode is modified as L eff ¼ L eff þ 2w =4. Based on the symmetry of the model, we have [32] 
where is the propagation constants of the guided mode in the LS structure and is calculated according to [33] . Since all the branches have equal widths ðg v ¼ g h ¼ gÞ, ¼ ðgÞ and characteristic impedance of the line is presented by Z 0 ¼ ðgÞg=!" 0 [5] . Also, characteristic impedance of the bus waveguide is Z buswaveguide ¼ ðw Þw =!" 0 [5] . To satisfy the resonance condition, at the midpoint of the model, we should have Z R ¼ Z Ã L . Therefore, to calculate the resonance wavelengths of the structure, minimums of the ImfZ g should be found. As shown in Fig. 2(b) , numerical results are in a good agreement with those obtained by the circuit model. The deviation of the circuit model and numerical results for the LS 2 mode when t G 40 nm is due to the direct coupling of the branches not included in the model.
Properties of the LS Structure

Geometrical Parameters Effects on the Transmission Response
To illustrate effects of the horizontal and vertical branches on the transmission response of the LS structure, resonance wavelengths of the LS 1 and LS 2 modes versus g v and g h for different values of t (40 nm, 80 nm, and 120 nm) are plotted in Fig. 3 . The values of the g v and g h are set to be 20 nm in Fig. 3(a) and (b) , respectively. By comparing changes of the drop wavelengths of LS 1 and LS 2 modes, it is seen that, by varying the horizontal branch width, g h , the drop wavelength of the LS 2 mode can be significantly changed, while the drop wavelength of the LS 1 mode remains almost constant with only small changes. Instead, by varying the vertical branch width, g v , the drop wavelength of the LS 1 can be significantly changed, while that of the LS 2 mode remains almost constant with only small changes, as shown in Fig. 3(b) .
These behaviors are explainable by noting the positions of nodes of the electric-field pattern with respect to the each branch. In fact, nodes of the electric fields (antinodes of the magnetic fields) indicate short circuits of the modes in the equivalent circuit of the structure. Hence, variation of the each branch possessing nodes of the electric-field pattern will have minimum influences on the resonance mode, as shown in Fig. 3 . For instance, according to Fig. 2(c) , nodes of the electric-field pattern of the LS 2 mode are located on the vertical branch of the LS. As a result, it is expected that this mode to be less sensitive to the variations of the g v in comparison with the LS 1 mode, which is shown in Fig. 3(b) .
The separation between the vertical branches, t , is another parameter that influences the transmission characteristics of the LS structure. Increasing the separation t redshifts the resonance wavelengths for all modes, albeit with different amounts for different modes. Also, the sensitivity of drop wavelengths on the variations in the widths of the horizontal and vertical branches, g h and g v , increases as t increases. By increasing t , the influence of the variations of g h or g v on the drop wavelengths of both odd and even modes becomes more significant. It is particularly significant for g h on the even modes and for g v on the odd modes.
Directional Add/Drop Filters by the LS
The LS structure has a remarkable advantage over both DS and SS structures. Since vertical branches of the LS are connected to the bus waveguide, it can support traveling-wave-like modes. As schematically shown in Fig. 4(a) , two types of propagating waves can form in the LS: optical waves entering the first branch propagate clockwise (indicated by the red), and those entering the second branch propagate counterclockwise (indicated by the blue). Since the branches are located with a distance, they can be excited with a phase difference approximately equal to
If the branches are to be excited with the same phase, there will be standing waves in LS structure. On the other side, if they be excited out of phase, travelingwave-like modes will form in the structure. In addition of this effect, there is a complex mechanism, which also influences the process; both of the clockwise and counterclockwise waves can be coupled to each other by reflection from the junctions. Hence, depending on the type of the dominant propagating waves, one of the clockwise and counterclockwise traveling-wave-like modes can form in the structure. This interesting feature of the LS structure can be used to design compact forward (or backward) directional add/drop filters.
For better illustration, the possibility of realizing a compact directional add/drop structure with the LS design is shown in Fig. 4(b) and (c). The parameters of the LS are set to be t ¼ 80 nm, g v ¼ 50 nm, and g h ¼ 20 nm. And the width of the input and output waveguides are w 1 ¼ 50 nm and w 2 ¼ 20 nm, respectively. The separation between the horizontal branch of the LS and output waveguide is 10 nm. The normalized magnetic-field distribution patterns of the channel drop directional filter at the wavelengths of 1027 nm (LS 2 mode) and 467 nm (LS 4 mode) are plotted in Fig. 4(b) and (c), respectively. According to the results, for the LS 1 mode, about 17%, 65%, 0.8%, and 2.5% of the input power reach Port I, Port II, Port III, and Port IV, respectively. And for the LS 4 mode, about 4%, 6%, 66%, and 4% of the input power reach Port I, Port II, Port III, and Port IV, respectively. Consequently, about 15% and 20% of the power are dissipated in the resonator for the LS 1 and LS 4 modes, respectively. Moreover, values of the Á' for the wavelengths of the 1027 nm and 467 nm are about 50 and 115 , respectively, which demonstrates out-of-phase excitation of the vertical branches. For the wavelength of the 1550 nm, which is located in the LS 1 mode of the LS structure, about 30% and 6% of the input power reach Port III and Port IV, respectively. There are some parameters influencing efficiency of the structure such as the gap between the LS and the output waveguide, the length of horizontal branch of the LS, and width of the branches. Also, loss of Fig. 3 . Effects of (a) the horizontal gap size g h and (b) the vertical gap size g v , at the drop wavelengths of the LS 1 and LS 2 modes for t ¼ 40 nm, 80 nm, and 120 nm. Values of the g v and g h are set to be 20 nm in the Fig. 3(a) and (b) , respectively. the metal (Ag) is a factor that limits maximum efficiency of the structure by dissipating of power in the resonator and, as mentioned above, can be noticeable. For the LS 2 mode, by controlling the junctions, we might be able to decrease the power coupled to Port II and consequently increase the power reaching to Port III.
As shown in Fig. 4 (b) and (c), the LS structure is capable of supporting both forward and backward dropping, while ring resonators only support backward dropping [15] - [17] . Although similar functionality can be achieved by using two ring resonators, the dimensions and the complexity of the structure would be considerably increased as compared with using a single LS structure for the purpose.
Conclusion
In this paper, a novel nanoplasmonic filter based on the LS configuration has been investigated numerically by the FDTD method. And the transmission-line theory has been used to estimate the resonance wavelengths of the proposed structure. According to results, the odd and even modes can be independently controlled by varying the widths of the vertical and horizontal branches, respectively. Moreover, the LS filter, while maintaining certain key characteristics shared with the DS structure such as the wideband zero-transmission drop, eliminates unwanted double-dip pairs caused by the coupling of the closely spaced double vertical branches of the DS structure. It is shown that LS structure can be utilized in devices such as directional add/drop filters that cannot be accommodated either by the SS or the DS structures. Also, it can overcome the limitation of ring resonators for the forward dropping and offers efficient coupling of optical waves between two plasmonic waveguides of different widths. This filter can be effectively implemented in modern integrated optical circuits. 
